dermatophytes that disulphide bonds are primarily reduced by sulphites produced intracellularly through oxidation of cysteine through in a pathway relaying on the activity of fungal cysteine dioxygenase (CDO). The aim of this review is to summarize current knowledge about CDO in dermatophytes and to provide a hypothetical link between CDO activity and dermatophyte pathogenicity.
Introduction
Dermatophytes are pathogenic fungi associated with infections of the stratum corneum, nails, hair, and other keratinized tissues. Occasionally, some like T. rubrum may penetrate in immunocompromised patients to the deeper layers of the dermis [1, 2] and on rare occasions cause systemic infections [3] . Chronic dermatophytosis may be associated with immediate and delayed hypersensitivity reactions [4 -6] .
The adherence of dermatophytes to host keratinized tissues is mediated by mannan-containing glycoproteins of the fungal cell wall [1] followed by germination of arthroconidia of some species to hyphae that are able to penetrate into the deeper layers of the tissues. These processes are dependent on, among other factors, the availability of nutrients, host to pathogen signaling, transporters, production of structural fungal proteins and secreted digestive enzymes, mainly hydrolases (keratinases, nucleases) [7] . The activities of hydrolases are hindered by numerous disulphide bonds that crosslink keratin components and must be initially cleaved [1] . It was hypothesized in keratin degradation through its involvement in sulphite production [20 -22] as detailed below.
The physiological role of CDO in eubacteria is not clear. Most probably it eliminates, as in eukaryotes, the excess of potentially toxic cysteine [23] . In Bacillus and Streptomyces spp. CDO is expressed in the vegetative state, and an increase in its activity was detected after the initiation of conidia production. It is proposed that CDO contributes to reduction of intracellular free cysteine level and promotes the environment supporting the formation of disulphide bonds in the coat proteins of the nascent prespore [23] . There are no reports concerning 3-sulfi no-L-alanine decarboxylase activity and taurine synthesis in bacteria, but the latter are able to utilize hypotaurine and taurine as a source of carbon, nitrogen or sulfur [24] . Cysteine sulphinic acid may undergo spontaneous oxidation to cysteic acid and thus serves as a source of C, N or S in some bacteria, with the excess of sulphur eliminated as sulphite neurodegenerative diseases Alzheimer ' s and Parkinson ' s, and autoimmune diseases as for example systemic lupus erythematosus and rheumatoid arthritis [8, 12, 13] . Brait et al . [14] proposed CDO as a tumor suppressor.
Fungal CDO was fi rst described in 1983 by Kumar et al . [15] and since, cDNA encoding for CDO or related hypothetical proteins have been identifi ed in 53 fungal species (GenBank database, National Center for Biotechnology Information). A unique role for CDO was discovered in Histoplasma capsulatum , in which it is a key factor in the transition from the mycelial to yeast phase [16, 17] . In Candida albicans upregulated expression of CDO was detected in the switch from white to opaque phenotypes [18] . In the latter, a reversible transition has been described between smooth white, dome-shaped yeast colonies (white) to circular or irregular-shaped colonies, composed of a mixture of yeast and fi lamentous cells (opaque) [19] . In dermatophytes, CDO is hypothesized to be crucial for Fig. 1 The role of cysteine dioxygenase (CDO) in the degradation of keratinized tissues by dermatophytes. The adherence of a dermatophyte to the stratum corneum stimulates production of various endoproteases and exoproteases that cleave polypeptides gradually into amino acids. CDO then catalyzes dioxygenation of the amino acid cysteine to cysteine sulphinic acid. Cysteine sulphinic acid is used for pyruvate and sulphite/sulphate (right arm) or hypotaurine and taurine production (left arm). Sulphite cleaves the disulphide bonds of keratin and enables its complete degradation by proteases. In the initiation of keratinolysis the fungus may use cysteine from the non-keratins. SSU1, sulphite effl ux pump. Highly organized, tight packing of structural ele- (1) ments, mainly fi laments; Numerous disulphide bonds crosslinking all the (2) cytoskeletal and associated proteins. Without their cleavage by reduction or oxidation, keratin cannot be solubilized, which holds true also for low-sulphur soft keratins;
The presence of further bonds, e.g., isopeptide (gam- (3) ma-glutamyl -epsilon-lysine) bonds; Combination of elements (layers) of complementary (4) structure and features (e.g., fi laments and matrix, intercellular and intracellular elements, cuticle, cortex and medulla of hairs).
During dermatophyte infection, keratin is degraded into short peptides by the activity of keratinases (serine proteases, metalloproteases) ( Fig. 1 ) and used as nutrients by the fungus. Nevertheless, fungal proteases are not able to hydrolyze compact keratinized tissues [35] unless disulphide bridges are reduced [22, 36] . Therefore, for effective degradation of keratinized tissues, dermatophytes must reduce the disulphide bridges before keratin protein hydrolysis takes place. Kunert [20] presented a hypothesis stating that disulphide bridges are cleaved by sulfi te excreted by the fungus. Sulphite is highly reactive, and in a neutral or alkaline milieu it cleaves both free and protein-bound cystine forming cysteine and S-sulphocysteine (the ' sulphitolysis ' of proteins). The production of sulphite from cystine/cysteine in dermatophytes and other keratinolytic fungi and the sulphitolysis of disulphide bonds during keratin degradation were reported in many experiments (for review see [22] ). The pathway of cysteine oxidation and sulphite production in dermatophytes is most probably the same as in other eukaryotes and probably originally served as a means of regulating cysteine level and elimination of excess cysteine, which is toxic for the cells [37] . Sulphite can be excreted by sulphite effl ux pump SSU1, which was described in yeasts and is present also in dermatophytes [36] . A substantial part of the sulphite is further oxidized by sulphite oxidase to sulphate that is also excreted as the fi nal product of sulphur metabolism. or sulphate. However, the metabolism of cysteic acid proceeds without the participation of CDO [25] .
Keratin and its degradation during dermatophyte infection
There is a vast literature on vertebrate, mainly mammalian, keratin structure and their function. Excellent reviews have been published in the last decades [26 -28] and the following summarize the most important aspects of these source materials.
The term keratin may be used for the entire ' horny matter ' present in skin and its adnexes in vertebrates but in biochemistry and genetics, it is now used for only one family of cytoskeletal proteins which form intermediate fi laments of the keratin type in various epithelia [26, 27] .
As a ' scleroprotein ' , keratin is characterized by its insolubility in common polar and non-polar solvents and a high resistance to proteolytic enzymes. Keratin is less resistant to oxidizing and reducing agents that interfere with its main stabilizing bonds -the disulphide (cystine) bridges [29, 30] .
Still useful is the division of keratins into ' hard ' and ' soft ' structures. Hard keratins (present in hairs, nails, horns etc) consist of fi laments and their bundles running in parallel and contains no lipids and only a small amount of non-keratin proteins (non-keratins). Hard keratins have a typical high content of cystine (up to 18% in some hair). In contrast, soft keratin (present mainly in stratum corneum of the epidermis) has the fi laments running in all directions in one plane and contains lipids and high amounts of non-keratins. The content of cystine is low (e.g., 2 -4% in stratum corneum) [22, 26, 27] .
Most keratins have a ' composite material ' structure, that is of fi laments embedded in an amorphous matrix. Filaments are made of keratin proteins belonging to a superfamily that (in higher vertebrates) may have tens of members (more than 60 in humans). They can be found in variable numbers and combinations in different cells and tissues where they serve the proper adaptation of cytoskeleton to the needs of the organism. The acidic proteins (type I) have (in humans) molecular masses (M r ) in the range of 40 -57 kDa and isoelectric points (PI) of 4.8 -5.4. Basic to neutral keratins (type II) have M r values of 52 -67 kDa and PI of 6.5 -8.5. All keratins are fi lamentous proteins with a central rod-like domain of alpha-helical secondary structure and two less organized terminal domains. During the self-assembly of fi laments, two keratin molecules (one acidic and the other basic) form a dimer, which they can associate into tetramers and higher structures and fi nally form an intermediate fi lament of 32 protein molecules on average [26, 27, 31] . The fi laments are embedded in the matrix composed of ' keratin fi lament associated proteins ' In summary, degradation of keratin in dermatophytes is a complex process which involves (i) secretion of very efficient endoproteases -' keratinases ' (mainly subtilases and metalloproteases) and also many exoproteases cleaving the resulting peptides, and (ii) oxidation of cysteine by CDO, production and excretion of sulphite and sulphitolysis of cystine bridges of the substrate. Another very important factor is the alkalinization of the environment by the deamination of peptides and excretion of excess nitrogen as ammonium ions. In an alkaline milieu, keratin swells and becomes more accessible to proteolytic enzymes. During dermatophyte infection, keratinolysis is infl uenced also by body temperature, low water content, microaerobic conditions, sebum components, production of carbon dioxide by the live cells, and activity of the host immune system [22] .
Structure of CDO
CDO is a non-heme enzyme belonging to the cupin superfamily that includes functionally diverse enzymes, such as decarboxylases, dioxygenases, hydrolases, isomerases, epimerases and non-enzymatic proteins. Members of cupins contain conserved cupin sequence motifs, GX 5 HX-HX 3 -6 EX 6 G (cupin motif 1) and GX 5 -7 PXGX 2 HX 3 N (cupin motif 2) spaced by a less conserved intermotif region containing 15 -50 amino acid residues [38] . T. mentagrophytes CDO contains intermotif spacing of 43 residues [39] . CDO is unique among cupin protein superfamily because it lacks the conserved glutamate in cupin motif 1 that is replaced by cysteine in eukaryotic CDOs or by glycine in bacterial CDOs [38] . CDO binds iron as a cofactor using the three imidazole groups of histidine residues (His86, His88 and His140 in human and His106, His108 and His167 in T. mentagrophytes ) of its cupin motif to form a facial triad [39 -41] . The three His system is necessary for the optimal dioxygenation process catalyzed by CDO. Replacing of one His residue by Asp was shown to increase the reaction energy barriers during cysteine dioxygenation stepwise process due to changes in spin states of iron (II) The members of the cupin superfamily have low overall sequence similarity but they share structure formed by a six-stranded β -barrel core within the active site of the protein [45] . The β -barrel is formed of cupin motif 1, intermotif region, and cupin motif 2 -each forms two six-β -strands of the core. The β -sandwich of mammalian CDO contains seven anti-parallel β -strands on the lower side and six anti-parallel β -strands on the upper side [46 -48] . The active center of the enzyme includes iron and three ligand sites [49] . The iron is connected to the protein backbone via three histidine salt bridges [10, 46] . The ligand sites of iron are associated with molecular oxygen and substrate (cysteine) that binds via the sulfhydryl and amino groups. Other amino acids in the CDO aminoacid backbone (Tyr 157, Cys 93, and His 155 in human CDO or Tyr184, Cys114, and His182 in dermatophytes) are involved in stabilizing the reaction process through hydrogen bonds [46] . The formation of a thioether bond between Cys93 or Cys114 and Tyr157 or Tyr184 residues is strictly conserved in eukaryotic CDOs and is important for the catalytic activity and/or structural stability of the active site of the CDO enzyme. In bacteria Cys93 residue is replaced by Gly so that bacterial CDOs are not capable of forming the Cys-Tyr crosslink [23] . Although amino acid sequences of CDO among dermatophytes are highly conserved (CDO from T. mentagrophytes is 99% identical to CDO from T. equinum and 88% identical to that of Microsporum canis ), the sequence differences between dermatophytes and other eukaryotes are signifi cant (CDO of T. mentagrophytes is only 44% identical to that in Homo sapiens ) [39] .
Mechanism of cysteine oxygenation
The terminal oxygen atom in the iron(II)-superoxo complex forms a hydrogen bond with the sulphur atom of cysteinate to form a ring structure. This structure elongates the O-O and Fe-S bonds and facilitates the oxygen transfer. Breaking of the dioxygen bond leads to formation of a cis -sulphoxide structure with the internal rotation of sulphoxide group around the S-C bond. This rotation breaks the Fe-S bond and binding of oxygen atom of sulphoxide to iron leads to the trans -sulphoxide structure formation. Interaction of two oxygen atoms leads to rotation around the C-S bond and therefore transfer of electron from the sulphoxide to the iron(IV)-oxo system. The sulphur atom then interacts with the oxygen atom from iron(IV)-oxo complex and forms the fi nal product -cysteine sulphinic acid [41, 49] .
Mechanism of CDO function and regulation
CDO is important for cysteine homeostasis in the living organism because an elevated cysteine level is cytotoxic and neurotoxic [8] . The mechanism of CDO activity regulation is best described in mammals. CDO is mainly regulated post-translationally at the protein level rather than mRNA level in rats [50, 51] . The extracellular availability of cysteine directly affects the intracellular cysteine level. When the intracellular concentration of cysteine is low CDO is rapidly ubiquitinilated and degraded by the 26S proteasome system, whereas when the intracellular level of cysteine is high, ubiquitinilation and degradation of CDO is repressed [37, 52] . Whether a similar mechanism takes place in dermatophytes remains to be elucidated, but our recent observations support both transcriptional as well as posttranslational regulation of T. mentagrophytes CDO, because supplementation of growth medium with L-cystine induces a persistent increase in the CDO mRNA transcript level, as detected by RT Real Time PCR [39] , whereas the concentration of intracellular CDO protein, as detected by Western blot, changes over time [unpublished observation] . Therefore posttranslational regulation could be crucial even in fungi.
Conclusion
The growth of dermatophytes on keratinized substrates is associated with production of multiple proteases (keratinases) that degrade keratin only after the reduction of disulphide bonds. In 1972, Kunert presented a hypothesis that the reducing agent responsible for this process is sulphite, produced in dermatophytes by oxidation of cysteine during the process of keratinolysis [20] . The key enzyme involved in the production of sulphite from cystine/cysteine, and thus in keratin reduction and degradation, is cysteine dioxygenase. Keratinolysis is undoubtedly part of dermatophyte pathogenesis, so that CDO along with the sulphite transporter SSU1 is probably one of the most important dermatophyte virulence factors [53] . Knocking out the CDO gene in T. mentagrophytes resulted in a strain which is growth-defective on hair and nails and highly growthsensitive to cysteine, which is abundant in keratin. This suggests that development of attenuated dermatophyte strains which could elicit highly effective host immune responses might therefore be useful as a strategy for development of live attenuated vaccines. Previous publications have shown that other inactivation approaches can also lead to effective vaccine constructs [54] . For example, in a previous study, we compared the protectivity of intramuscular immunization of experimental calves with four vaccination approaches: ultraviolet light-attenuated thermosensitive T. verrucosum vaccination strain (Trichoben), formol-inactivated T. verrucosum vaccination strain (Trichobin), recombinant T. mentagrophytes heat shock protein 60 kDa (hsp60), and hsp60-encoding DNA vaccine [55] . Animals were challenged by inoculation of 6 ϫ 10 4 live T. mentagrophytes conidia into scarred skin. All vaccination approaches signifi cantly reduced the severity of skin lesions, in comparison to control non-immunized calves that developed confl uent ulcers covered by crusts along the scarifi cation lines. Nevertheless, the best protection associated with development of only modest palpation fi nding with no granulomas or ulcers was observed after immunization with the live attenuated vaccination strain (Trichoben) [55] . These results suggest that vaccination with attenuated dermatophyte strains, including strains with inhibition of CDO expression and function, may represent a promising strategy for prevention of dermatophytosis.
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